The purpose of this study was to evaluate the low temperature aging degradation (LTAD) of two types of zirconia through the determination of fracture toughness before and after autoclaving. The fracture toughness of yttria stabilized tetragonal zirconia polycrystals (Y-TZP) and zirconia/alumina nanocomposite stabilized with cerium oxide (Ce-TZP/Al 2 O 3 nanocomposite, so called NANOZR) were determined by Single Edge V-Notch Beam (SEVNB) method before and after autoclaving at 134°C for 5 h. The fracture surfaces were characterized by micro-X-ray diffractometry and micro-Raman spectroscopy. Mean fracture toughness of Y-TZP slightly decreased from 6.31 to 5.79 MPa·m 1/2 with the autoclaving ( p < 0.01). On the other hand, mean fracture toughness of NANOZR showed no change as 11.03 MPa·m 1/2 ( p > 0.1) and was 1.751.91 times larger than that of Y-TZP. It seems to be caused by that NANOZR is susceptible to stress-induced transformation from tetragonal to monoclinic, but quite stable against LTAD.
Introduction
Many production systems for zirconia prosthesis have been introduced in dental market. 1) This is the success example of the fusion of CAD/CAM and material science. All ceramic dental restoratives using zirconia preferentially are selected by the esthetic reason in stead of metal core. Because zirconia has both high mechanical strength 2), 3) and sufficient estheticity. It is known that the high strength of zirconia mainly depends on the stress-induced transformation. 4) ,5) When a crack propagates inside of zirconia, if the zirconia grain is tetragonal phase, this tetragonal grain in tip of the crack convert to monoclinic phase with stress, namely mechanical energy. The volume expansion occurs with this transformation and the expansion force depresses the crack growth.
In dentistry, yttria stabilized tetragonal zirconia polycrystals (Y-TZP) have been applied to dental crown and bridges. On the other hand, the zirconia/alumina nanocomposite stabilized with cerium oxide (Ce-TZP/Al 2 O 3 nanocomposite, so called NANOZR) was developed to further improve its mechanical strength.
6) Y-TZP is only consisting of fine grains of yttriastabilized zirconia. NANOZR is consisting of ceria stabilized zirconia and alumina grains, in which nano-sized particles are contained mutually.
Our previous studies demonstrated that, in comparison to Y-TZP, NANOZR has quite high biaxial flexure strength and no change after storage in water-based condition, whereas the flexural strength of Y-TZP decreased after the autoclaving. 7),8) It seemed to be due to the monoclinic phase change after storage in water-based conditions. The monoclinic content of Y-TZP dramatically increased after the autoclaving. It implies that severe degradation occurred on the surface of Y-TZP after the autoclaving. These results demonstrated that NANOZR has high flexure strength and fracture toughness along with satisfied durability for low temperature aging degradation (LTAD) in various water-based conditions encountered in dentistry.
Properties and test methods for dental ceramics are specified in the ISO 6872. In 2008, specification for fracture toughness was added in Annex A in normative, in which Single Edge V-Notch Beam (SEVNB) method is recommended and the recommended fracture toughness values are listed.
9) The class 6 is "substructure ceramic for prostheses involving four and more units" and its minimum fracture toughness is 5.0 MPa·m 1/2 . Zirconia is only the candidate for this class. On the other hand, ISO 13356 "Implants for surgery®ceramic materials on yttria-stabilized zirconia (Y-TZP)" was also revised. 10) Main revision was an accelerated aging property: maximum monoclinic change should be less than 25% and the residual biaxial flexure strength should be larger than 500 MPa and decrease not more than 20%. Accelerated aging condition was described as the exposition to steam at 134 « 2°C under a pressure of 0.2 MPa for a period of 5 h. This condition may be arranged from the sterilization condition. In clinically, 121°C for 30 min or 134°C for 30 min are employed for the sterilization of dental and medical tools. ISO 6872 has no specifications about the low temperature aging degradation, because it includes not only zirconia, but also various ceramics such as feldspathic porcelain and alumina, etc.
In the present study, the fracture toughness of Y-TZP and NANOZR were determined by SEVNB method according to ISO 6872 before and after autoclaving speculated in ISO 13356, and their LTAD was discussed.
Experimental procedure
Two kinds of zirconia were used in this study as shown in Table 1 . For NANOZR and Y-TZP, MACZ-100 and TZ-3YB-E powders were pressed, fired at 1350°C for 2 h and 1450°C for 2 h, respectively, and cut to specimen bars. For field-emission type scanning electron microscopic (FE-SEM, JEOL, JXA-8530FA) observation, the specimens after polishing using 1-¯m diamond suspension were thermally etched at temperatures 150°C below each sintering temperature for 1 h to reveal the grain boundary. Apparent grain size was determined using the lineal intercept method 11) from the SEM photographs of these surfaces. The ground and polished specimens (3.0 mm © 4.0 mm © 40.0 mm) were notched by polishing the notch root with a razor blade impregnated with a diamond paste. The notches were cut across one of the large surfaces of the specimens (3.0 mm © 40.0 mm), respectively, perpendicular to the length of the bend bars. The depth of the notches was 1.5 mm, the included angle was 20°, and the root radius was 10¯m. Half of the specimens were autoclaved at 134°C for 5 h. Autoclaving was undertaken using a commercial sterilization device (Yamato, Lavo Autoclave SN200).
Fracture toughness K IC was determined using Single Edge V-Notch Beam (SEVNB) method according to ISO-6872. K IC (Pa·m 1/2 ) was calculated from the three-point bending test results using the following equation,
where F is the fracture load (MN), S is the 3-point bending span (16.0 mm), b is the thickness of specimen (3.0 mm), w is the width of specimen (4.0 mm), a is the average notch depth (1.5 mm) and ¡ is the relative V-notch depth ¡ = a/w. Y is the stress intensity shape factor calculated as follows:
Ten specimens were tested for each group at a crosshead speed of 0.5 mm/min. The crystal phases of the fracture and ground surfaces of the specimens were analyzed by micro-X-ray diffractometry (XRD, Rigaku, RINT-RAPID) in which the analysis area was 300¯m square as shown in Fig. 1(a) and the monoclinic zirconia contents were derived after Toraya's equation. 12) Furthermore, the fracture and notch regions of the specimens were characterized by micro-Raman spectroscopy (JASCO, NRS-3100) in which the analysis spot was 1¯m in diameter as shown in Fig. 1(b) . The formation of monoclinic zirconia was qualitatively evaluated from the Raman band intensities of tetragonal phase around 262 and 320 cm
¹1
, and monoclinic phase around 336 and 380 cm ¹1 . 13) 3. Results Figure 3 shows Webull plots of the fracture toughness of two zirconia before and after autoclaving. Weibull parameters, Weibull modulus (m) and characteristic strength (©), were estimated and listed in Table 2 with arithmetic mean value and standard deviation. No remarkable changes were observed in the Weibull distribution for the fracture toughness of NANOZR before and after autoclaving, whereas the fracture toughness of Y-TZP showed slightly lower distribution after autoclaving. Mean fracture toughness of Y-TZP slightly decreased from 6.31 to 5.79 MPa·m 1/2 with the autoclaving ( p < 0.01). On the other hand, mean fracture toughness of NANOZR showed no change as 11.03 MPa·m 1/2 ( p > 0.1) and was 1.751.91 times larger than that of Y-TZP. Figure 4 shows the micro-XRD patterns of the fracture and ground surface of NANOZR and Y-TZP before autoclaving. Diffraction peaks assigned to monoclinic phase were observed clearly on both the fracture surface and the ground surface of NANOZR, and the content of the monoclinic phase of the fractured surface was significantly larger than that of the ground surface, 60.6 and 8.4 vol%, respectively. Quite small diffraction peaks assigned to monoclinic phase were observed on both the fracture surface and the ground surface of Y-TZP. The contents of the monoclinic phase of both surfaces were quite small, 2.0 and 1.8 vol%, respectively. The content of monoclinic phase on the fracture surface of NANOZR was much larger than (a) (b) Fig. 1 . Schematic illustration of analysis part for micro XRD (a) and Raman spectroscopy (b).
Fig. 2. FE-SEM photograph of Y-TZP and NANOZR.
Journal of the Ceramic Society of Japan 118 [6] 406-409 2010 that on the ground surface. On the other hand, the content of monoclinic phase on the fracture surface of Y-TZP was slightly larger than that on the ground surface. The monoclinic phase contents of both zirconia after autoclaving showed similar to those before autoclaving, although data were not shown here. Figure 5 shows Raman spectra of the fracture and notch region of NANOZR and Y-TZP before autoclaving. In the spectra of NANOZR, the region 0 is the notch area and no peaks due to monoclinic phase were observed. Regions 3 to 5 are the fractured area and showed the presence of monoclinic phase. After the autoclaving, the same phenomena were observed. This implies that the stress-induced transformation occurred remarkably around the crack and enhanced the fracture toughness. On the other hand, in the spectra of Y-TZP before autoclaving, no absorption peaks due to the monoclinic phase were observed. It implies that Y-TZP is difficult to be strengthened by the stressinduced transformation in comparison to NANOZR. Nevertheless before and after the autoclaving, no monoclinic phase was observed on both the V-notch region and the fracture surface of Y-TZP.
Discussion
The present study demonstrated that the fracture toughness of NANOZR was 1.751.91 times larger than that of Y-TZP. Furthermore, the biaxial flexure strength of NANOZR was about 1.41.6 times larger than that of the Y-TZP as reported in our previous study. 8) This strengthening seems to depend on two factors.
6) The first concerns a decrease in the flaw size for both the ZrO 2 and the Al 2 O 3 grains associated with the interpenetrated intragranular nano-dispersion. Furthermore, several 10100-nmsized inclusion which are trapped inside the ZrO 2 and/or Al 2 O 3 grains, are believed to have a role in dividing a grain size into more finer sized particles by forming sub-grain boundaries.
14)
The second factor concerns the stress induced phase transformation in strengthening for TZP. It has been determined that the retention of the tetragonal phase is critically governed by the grain size. 4) That is, reduction of the grain size is predictable to increase the critical stress that induces the tetragonal-to-monoclinic transformation. It has become apparent that the increase of critical stress leads to augmentation of the strengthening of TZP. 5) In fact, our previous studies demonstrated that the stress-induced transformation by sandblasting from tetragonal to monoclinic phase of the NANOZR occurred easily than Y-TZP. 15 ),16) It partly depends on the difference in the lattice constant ratio (c/√2a) of tetragonal phase of pure ZrO 2 , Y-TZP and NANOZR, 1.012, 1.017, and 1.021, respectively, derived from XRD study. 15) It is known that the susceptibility of transformation from tetragonal to monoclinic ZrO 2 increases with c/√2a of the tetragonal phase.
17) It can be also confirmed that the monoclinic phase content of the fracture surface of NANOZR was much larger than that of Y-TZP in the present study (Figs. 4  and 5) . Thus, it is concluded that the strengthening of NANOZR depends on its microstructure, i.e. the interpenetrated intragranular nano-dispersion.
Benzaid et al. 18) determined crack velocity curves under static and cyclic fatigue using the double torsion method. They demonstrated that the static curve in air revealed the three stages characteristic of stress corrosion with a threshold and a fracture toughness significantly higher than those of Y-TZP and alumina, and the cyclic fatigue threshold also stood above them. Tanaka et al. 19) reported a much higher toughness value of 20 MPa·m 1/2
for NANOZR and a similar value of 6 MPa·m 1/2 for Y-TZP, obtained by indentation method. Although this methods overestimates the toughness due to the high compressive residual stress induced by the phase transformation around the indentation, 20) this result also implies that NANOZR is more susceptible to stress-induced transformation from tetragonal to monoclinic than Y-TZP. It can be interpreted that the microstructure of NANOZR may be beneficial for the toughening due to the phase transformation and crack bridging. 20) On the other hand, we reported that NANOZR rarely undergoes LTAD in aqueous solutions, like conventional Ce-TZP without Al 2 O 3 .
21), 22) The present study also confirmed that the fracture toughness of NANOZR did not change with the autoclaving. On the other hand, the fracture toughness of Y-TZP showed slightly lower distribution after autoclaving, indicating a slight LTAD. However, the fracture toughness of Y-TZP showed only a slight reduction and still exceeded the minimum value, 5 MPa·m 1/2 , for class 6 in ISO 6872. This reduction is probably because any Y 2 O 3 reacts rapidly with water vapor to form yttrium hydroxide, resulting in instability of the tetragonal phase. 22) It has been determined that property degradation incurred on aging is connected with microcracking induced by the tetragonal to monoclinic phase transformation. 23) And, Sato and Shimada 24) already demonstrated that the transformation rate for ceria-doped zirconia was extremely slower than that of yttria-doped zirconia.
Although the autoclaving in the present study was an accelerated treatment, it was reported that 1 h of autoclaving at 134°C had theoretically the same effect as 34 years in vivo.
25) It means that 5 h-aging at 134°C corresponds to 1520 years in vivo. Then, It is conceived that the mechanical durability of NANOZR is superior to that of the Y-TZP relating to LTAD, and is enough for biomedical application.
Conclusion
After autoclaving (134°C, 5 hr), there were no changes in fracture toughness of NANOZR, because monoclinic ZrO 2 content of NANOZR did not change. Whereas, the conventional Y-TZP showed a slight decreasing after autoclaving, although the monoclinic content of Y-TZP did not change. Fracture toughness of NANOZR was about twice than those of the conventional Y-TZP and showed no changes after the autoclaving. It seems to be caused by that NANOZR is susceptible to stress-induced transformation from tetragonal to monoclinic, but quite stable against the low temperature aging degradation.
